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Abstract

Particulate matter (PM) has been associated with a variety of adverse health effects primarily involving the cardiopulmonary system.
However, the precise biological mechanisms to explain how exposure to PM exacerbates or directly causes adverse effects are unknown.
Particles of varying composition may play a critical role in these effects. To study such a phenomenon, a simple, laminar diffusion flame
was used to generate aerosols of soot and iron particles in the ultrafine size range. Exposures of healthy adult rats were for 6 h/day for 3
days. Conditions used included exposure to soot only, iron only, or a combination of soot and iron. We found animals exposed to soot
particles at 250 �g/m3 had no adverse respiratory effects. Exposure to iron alone at a concentration of 57 �g/m3 also had no respiratory
effects. However, the addition of 45 �g/m3 of iron to soot with a combined total mass concentration of 250 �g/m3 demonstrated significant
pulmonary ferritin induction, oxidative stress, elevation of IL-1�, and cytochrome P450s, as well as activation of NF�B. These findings
suggest that a synergistic interaction between soot and iron particles account for biological responses not found with exposure to iron alone
or to soot alone.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

Epidemiological studies strongly suggest statistically
significant associations of adverse health effects in humans
with exposure to particulate matter (PM) with a mass me-
dian aerodynamic diameter of 10 �m or less (PM10). Inha-
lation of these particles into the respiratory tract at levels at
or above the National Ambient Air Quality Standard of 150
�g/m3 (averaged over a period of 24 h) has been associated
with increased cardiopulmonary symptoms, as well as
heightened morbidity and mortality in a wide range of

subjects following short-term exposure to ambient particu-
late matter (Dockery and Pope, 1994; Pope et al., 1995).
Effects have been noted in children, elderly individuals, and
those with preexisting respiratory and cardiovascular dis-
ease. These individuals experience decrements in pulmo-
nary function, exacerbation of breathing disorders including
asthma and bronchitis, as well as cardiovascular problems,
increased hospital admissions, and even a significant reduc-
tion in life expectancy. In addition, a recent study has shown
antiviral responses of alveolar macrophages are adversely
affected by exposure to PM10, possibly leading to increased
pulmonary infection in susceptible populations with sup-
pressed or an immature immune response (Becker and
Soukup, 1999).

Although there appears to be little doubt from the scien-
tific literature that exposure to particulate matter poses a
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potentially significant human health risk, there exists a num-
ber of major scientific uncertainties for PM health effects.
Growing evidence supports the basic tenet that exposure to
ambient PM exerts adverse consequences on public health,
but the nature and severity of PM-associated human health
effects have not yet been fully characterized. PM is a com-
plex mixture containing organic compounds, soot, transition
metals, sulfates, nitrates, as well as other trace elements
(Hughes et al., 1998). Identification of toxic component(s)
in PM responsible for particle-associated health effects has
become an area of active investigation (Dreher et al., 1997;
Saldiva et al., 2002). Specific particle compositions, such as
transition metals, have been implicated in particle-induced
pulmonary effects (Broeckaert et al., 1997, 1999; Pritchard
et al., 1996; Rice et al., 2001). Interactions between various
components may also account for PM-associated adverse
effects. Hence, studies are needed to address the effects of
particles of known composition and concentration. The elu-
cidation of those potential mechanisms by which particles
exert their effects requires studies using animal models
exposed to particles under well-characterized and controlled
conditions.

Iron is the predominant transition metal found in PM.
Soot is also an important component of PM primarily com-
posed of elemental carbon ranging from 3.5 to 17.5% of the
total particle mass (Hughes et al., 1998; Cass et al., 2000).
This study was designed to address three goals to study the
health effects of inhaled particles in the lungs of young adult
rats. (1) To determine the respiratory effects of short-term,
repeated (3-day) exposure to airborne particles of soot or the
transition metal iron in healthy adult rats. Measurements of
lung injury, ferritin induction, oxidative stress, proinflam-
matory cytokines, NF�B activation, and histological fea-
tures were used to define the acute respiratory toxicity and
mechanisms following particle exposure to soot alone or to
iron alone; (2) To identify the interaction between soot and
iron particles by comparing the alterations of these biolog-
ical responses in animals exposed to the combination of soot
and iron particles with animals exposed to soot alone or iron
alone; and (3) to determine the chemical and morphological
characteristics of the iron/soot particle matrix formed during
the process of fuel combustion. In this manner, we wished
to elucidate and to better define potential mechanisms of
putative interaction between mixed-particle compositions.

Materials and methods

Chemicals. Iron pentacarbonyl, ethylene, acetylene, re-
duced glutathione, glutathione disulfide (GSSG), glutathi-
one reductase, 5,5�-dithio-bis(2-nitrobenzoic) acid (DTNB),
1-chloro-2,4-dinitrobenzene (CDNB), NADPH, 2-vi-
nylpyridine, ferrous sulfate, ferric chloride, tripyridytriazine
(TPTZ), and 5-bromo-2�deoxyuridine (BrdU) were pur-
chased from Sigma-Aldrich Chemical Co. (St. Louis, MO).

Particle generation system. Most practical, high-tempera-
ture, industrial processes use hydrocarbon fuels that are not
premixed with air. This form of combustion has been sim-
ulated with a laminar diffusion flame system that has been
described in detail previously (Yang et al., 2001). Briefly,
mixtures of acetylene and ethylene were used as fuels.
Ethylene was the base fuel and acetylene was added as
needed to compensate for the oxidation of soot by iron. In
this manner, concentrations of soot and iron oxide particles
in the postflame gases were controlled independently. Iron
pentacarbonyl was introduced as a vapor by passing acety-
lene and ethylene over liquid iron pentacarbonyl. The par-
ticle emission from the flame was diluted by filtered air to
bring the aerosol concentration to a level that could be
maintained for the duration of short-term animal exposure
studies. The system was operated to generate total constant
concentrations of aerosol, while the iron loading could be
varied from 40 to 100 �g/m3 in the diluted postflame gases.

Samples of the flame-generated aerosols were collected
on Teflon filters and 200-mesh holey carbon-coated copper
grids. The morphology and phase of the particles collected
from the exposure chambers were determined with a Philips
EM-400 transmission electron microscope (TEM) operated
at 100 kV. Morphology and chemical composition were
determined with electron energy-loss spectroscopy (EELS)
(Yang et al., 2001) using a JEOL JEM-200CX analytical
electron microscope equipped with a Gatan 666 EELS spec-
trometer with 1.5 eV energy resolution. X-ray diffraction
(XRD) results were obtained on a Scintag XDS 2000 X-ray
diffractometer with copper tube. A differential mobility
analyzer was used to measure the size distribution of the
particles. X-ray fluorescence was used to measure the mass
concentration of iron particles (�g/m3).

Animals and inhalation system. Ten to 12-week-old male
Sprague–Dawley rats weighing 260–310 g were purchased
from Harlan Laboratories (Indianapolis, IN). All rats were
housed in an animal facility with high-efficiency particulate
air filters and were provided rat chow and water ad libitum.
All animals were allowed to acclimate for 1 week prior to
the onset of experimental exposures. Animals were handled
in accordance with standards established by the U.S. Ani-
mal Welfare Acts as set forth in the National Institutes of
Health Guidelines and by the University of California,
Davis, Animal Care and Use Committee.

Animals were exposed by inhalation in sealed 20 � 43 �
18 cm polycarbonate whole-body chambers to soot particles
(total mass: 250 �g/m3), iron particles (57 �g/m3), or a
combination of both soot and iron particles (iron: 45 �g/m3,
total mass: 250 �g/m3) for 3 days, 6 h/day. Animals ex-
posed to filtered air were used for each exposure. Three
animals were housed in each chamber during exposure.
Different sets of identical exposures were performed for
bronchoalveolar lavage fluid (BALF) lung tissue, and his-
topathology and immunohistochemistry analyses.
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BALF for cell viability and differentials. Preparation of
BALF followed Harrod’s protocol (Harrod et al., 1998).
Briefly, within 2 hours following the end of particle expo-
sure on the third day, rats were anesthetized with sodium
pentobarbital (Nembutal; Cardinal Health, Sacramento, CA)
and exsanguinated via the caudal aorta. The trachea was
exposed, cannulated, and secured with a suture. The lungs
were lavaged four times with a single volume of phosphate-
buffered saline (Dulbecco’s PBS, Mg2� and Ca2� free, pH
7.4; GibcoBRL, Grand Island, NY), 35 ml/kg body wt.
Total cell count within BALF of each rat was determined
using a hemocytometer. Cell viability was determined by
trypan blue exclusion. Samples containing at least 5 � 104

cells each were spun down in duplicate onto glass slides
using a Shandon Model 3 cytospin (Shandon Instruments,
Pittsburgh, PA) and stained with Hema 3 (Fisher Scientific
Company, Swedesboro, NJ) for determination of the pro-
portion of macrophages, lymphocytes, and neutrophils. A min-
imum of 500 cells were counted from each cytospin slide.

Preparation of lung homogenates, microsomes, and nuclear
extracts. Immediately following deep anesthesia and exsan-
guination via the caudal aorta, the lungs were removed from
the thorax, frozen in liquid nitrogen, and subsequently ho-
mogenized in ice-cold Tris–HCl buffer (25 mM Tris, 1 mM
EDTA, 10% glycerol, and 1 mM DTT, pH 7.4) with a glass
homogenizer. The homogenate was centrifuged at 10,000g
for 20 min at 4°C. The supernatant and sediment fractions
were separated, and the supernatant was aliquoted and
stored at �80°C. For microsomal fractions, the supernatant
obtained as described above was further centrifuged at
105,000g for 75 min. The microsomal pellet was suspended
in 0.05 M Tris–HCl buffer, pH 7.4, with 0.25 M sucrose.
The crude nuclear fraction in the low-speed centrifugation
was collected and washed with homogenate buffer contain-
ing Triton X-100 three times, followed by washing one time
without Triton X-100. Nuclear protein was extracted with
buffer C (20 mM Hepes, 25% glycerol, 0.42 M NaCl, and 1
mM EDTA) by centrifugation at 50,000g for 30 min.

Total protein, lactate dehydrogenase (LDH) activity in
BALF. Measurement of total protein in the supernatant of
BALF was performed by a modified Bradford assay accord-
ing to the manufacturer’s instructions (BioRad, Hercules,
CA) with bovine serum albumin as a standard. The activity
of LDH was measured using a colorimetric assay kit
(Sigma-Aldrich) based on released LDH from the cyto-
plasm of damaged cells into BALF supernatant.

GSH assay. An aliquot of BALF was mixed with an equal
volume of 6% metaphosphoric acid. After incubation on ice
for 10 min, the mixture was centrifuged at 14,000g for 10
min and the supernatants were stored at �80°C prior to
analysis. Lung tissues were homogenized with addition of
6% metaphosphoric acid, centrifuged, and stored at �80°C
as described above. GSH was measured by an enzymatic

method (Anderson, 1985; Tietz, 1969), using DTNB-oxi-
dized glutathione reductase recycling assay. Reduced GSH
was oxidized by DTNB to give GSSG with stoichiometric
formation of 5-thio-2-nitrobenzoic acid (TNB). GSSG was
reduced to GSH by the action of glutathione reductase and
NADPH. The rate of TNB formation was measured at 412
nm and was proportional to the sum of GSH and GSSG
present. GSSG was determined after treatment for derivati-
zation with 2-vinylpyridine. The detection limit for GSH
was 0.008 nmol/ml and 0.004 nmol/ml for GSSG in the final
reaction medium.

Total antioxidant power. Total antioxidant power in BALF
and lung homogenates was determined by ferric reducing/
antioxidant power (FRAP) assay according to protocol
(Benzie and Strain, 1999). Briefly, at low pH, ferric TPTZ
(Fe3�–TPTZ) complex is reduced to the ferrous form and
monitored by measuring the change in absorption at 593
nm. The change in absorbance is directly related to the total
reducing power of the electron-donating antioxidants
present in the reaction mixture of biological samples.

Proinflammatory cytokines. The levels of proinflammatory
cytokines IL-1� and TNF-� were assessed in lung homog-
enates by rat ELISA kits according to the manufacturer’s
instructions (R&D Systems, Minneapolis, MN). A 1:2 di-
lution of samples in calibrator diluent was used for cytokine
determination. Quantitation of cytokines was normalized to
total protein in the sample.

Western blot analysis for ferritin and CYP450s. Western
blot analyses were used to measure levels of ferritin and
cytochrome P450 (CYP) 1A1, 2B1, and 2E1 in the lungs.
Lung homogenates (for ferritin) or microsomal proteins (for
CYP450s) were loaded and separated on 10–12% SDS–
PAGE, followed by transblotting to an ImmunBlot PVDF
membrane (Bio-Rad, Hercules, CA). The membrane was
subsequently probed with primary antibody against human
ferritin (rabbit anti-human ferritin polyclonal antibody;
Dako, Carpinteria, CA) or goat anti-rat CYP1A1, 2B1, and
2E1 (Daichi Pure Chemicals Co., Tokyo, Japan) at a dilu-
tion of 1:1000. Horseradish peroxidase-conjugated second-
ary antibody was added at 1:3000 dilution. The blots were
subsequently developed using an enhanced chemilumines-
cence detection kit (AmerSham Pharmacia Biotech, Pisca-
taway, NJ). Following exposure on autoradiography film, im-
munoreactive protein bands were quantified by densitometry.

NF�B–DNA binding activity. Electrophoretic mobility
shift assay was performed to determine NF�B–DNA bind-
ing activity. The oligonucleotide used as a probe (Pro-
mega, Madison, WI) was double-stranded DNA containing
the NF�B consensus sequence (5�-CCTGTGCTCCGG-
GAATTTCCCTGGCC-3�) labeled with [�-32P]dATP using
T4 polynucleotide kinase. The binding reaction of nuclear
proteins to the probe was assessed by incubation of mixtures
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containing 5 �g nuclear protein, 0.5 �g poly (dl�dC) and
40,000 cpm 32P-labeled probe in the binding buffer (7.5 mM
HEPES, pH 7.6, 35 mM NaCl, 1.5 mM MgCl2, 0.05 mM
EDTA, 1 mM DTT, and 7.5% glycerol) for 30 min at 25°C.
For the competitive assay, excessive unlabeled oligonucle-
otides were incubated with proteins prior to the addition of
radiolabeled probe. Protein–DNA binding complex was
separated by 5% polyacrylamide gel electrophoresis and
autoradiographed overnight.

Lung fixation and histopathology. All lung tissues prepared
for histological analysis were done under standard condi-
tions. Animals were deeply anesthetized with an overdose
of sodium pentobarbital. The trachea was exposed, cannu-
lated, and secured with a suture. Prior to instillation of
fixative, the diaphragm was ruptured to allow collapse of the
lungs. The lungs were subsequently fixed with 1% parafor-
maldehyde/0.1% glutaraldehyde in situ at 30 cm of pressure
for 1 h. The lungs and mediastinal contents were removed
en bloc and stored in fixative. Lung tissue slices were
prepared from both right and left lung lobes and embedded
in glycomethacrylate. Sections 1.5-�m thick were prepared
using a HM 355 rotary microtome (Carl Zeiss, Thornwood,
NY). Airways, terminal bronchioles, and the lung paren-
chyma were examined microscopically for the presence of
cellular changes and inflammation.

Immunohistochemistry for BrdU. Miniosmotic pumps con-
taining BrdU were implanted subcutaneously 1 day prior to
the onset of each experiment. Duodenum is used as a label-
ing control for each rat. As described above, following
exposure, the lungs were inflation fixed via the trachea with
1% paraformaldehyde/0.1% glutaraldehyde for 1 h and se-
quentially transferred into 70, 95, and 100% ethanol. Tis-
sues were embedded into paraffin and 5-�m-thick sections
were prepared. Endogenous peroxidase activity was
blocked with 3% hydrogen peroxide, followed by incuba-
tion with 0.1% protease for 30 min at 37°C. Following
nonspecific blocking in 10% horse serum, sections were
incubated with mouse monoclonal anti-BrdU primary anti-
body (Roche Diagnostic Corp., Indianapolis, IN) for 1 h at
37°C. Sections were subsequently incubated in biotinylated
rabbit anti-mouse secondary antibody with Vectastain ABC
kit (Vector, Burlingame, CA) for 30 min at room tempera-
ture. Diaminobenzidine (DAB) was used as chromogen
substrate, while tissue counterstaining was done with nu-
clear fast red. Labeling indices were determined for the
main axial airway path, airway bifurcations, terminal bron-
chioles, and the proximal alveolar regions (i.e., the alveoli
within 400 �m distance of the terminal bronchiole). In each
region, 500 to 1000 cells per lung were counted.

Statistics. Statistical analyses were performed using Sta-
view computer software (SAS Institute, Cary, NC). The
following statistical procedures were used: (1) Student’s t
test to compare the difference between each particle expo-

sure group and the corresponding control group; (2) all
parameters from each exposure were expressed as a per-
centage of the corresponding control group. ANOVA fol-
lowed by Fisher’s PLSD post hoc multiple comparisons
were performed to evaluate differences among exposure to
soot alone, iron alone, or the combination of soot and iron.
All data were presented as the mean � SE. Differences were
considered significant at p � 0.05.

Results

Particle characterization

The average total mass concentration of iron generated in
combination with soot was 45 �g/m3. The overall total
concentration of the combined iron and soot was 250 �g/
m3. For those experiments with exposure to only soot par-
ticles, the mass concentration was 250 �g/m3. For the ex-
periments in which animals were exposed only to iron
particles, the total mass concentration of iron was 57 �g/m3.
The morphology of all samples as determined by the TEM
consisted of crystalline iron oxide particles ranging in size
from 10 to 50 nm in diameter, in aggregate with quasigra-
phitic carbon (Fig. 1A and B). Aggregate chains typical of
combustion-generated soot were seen, with hexagonal- and
rhomboidal-shaped iron oxide particles in some cases dis-
tinct from the carbon and in other cases dispersed through-
out the soot. The iron/soot sample had a larger fraction of
carbon, as well as larger sized iron oxide/carbon aggregates,
compared to the iron only sample. Maximum aggregate size
for the iron/soot sample was �1 �m compared to 200 nm
for the iron-only samples.

EELS demonstrated that the majority of particles con-
taining iron were iron oxide in composition. Further analy-
sis of the spectra for each of these particles demonstrated a
ratio of iron to oxygen of approximately 0.5 to 0.7, suggest-
ing that the actual composition of these particles was close
to Fe2O3. Selected area diffraction patterns (Fig. 1C and D)
confirmed the presence of �-Fe2O3 (maghemite) for both the
iron/soot and iron-only sample. The presence of d-spacing
values in both the iron/soot and iron-only sample at 5.88,
4.82, 3.78, and 3.40 ÅA indicated �-Fe2O3 (maghemite),
since these values do not appear for Fe3O4 (magnetite).
X-ray diffraction, which gave more precise values than
electron diffraction, indicated maghemite as the only phase
present in the iron-only sample. However, there was not
enough signal to obtain XRD measurements on the iron/soot
samples. Particle generation over the 3-day period of expo-
sure, with daily exposures being 6 h each, yielded a highly
consistent concentration of particulate material.

Measurement of lung injury in BALF

Inhalation of soot particles alone (250 �g/m3), iron par-
ticles alone (57 �g/m3), or the combination of soot plus iron
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particles (45 �g/m3 of iron, 250 �g/m3 total particulate
mass) demonstrated no significant changes from control in
the level of protein and in the activity of LDH within BALF

(Fig. 2). No significant changes were found in the number of
total cells, percentage of viable cells (i.e., viability), or the
percentages of macrophages, neutrophils, and lymphocytes

Fig. 1. Bright-field transmission electron micrographs of (A) soot � iron and (B) iron only samples. Iron oxide crystals are 10–50 nm in diameter. Note the
presence of more soot and larger iron oxide/soot agglomerates in the iron/soot sample. Selected area diffraction patterns for the iron/soot sample (C) and iron
only sample (D) are also shown and in both cases match the �-Fe2O3 (maghemite) phase.
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recovered from BALF following exposure to each of the
different particle compositions (data not shown).

Ferritin

The level of ferritin in lung homogenates was measured
as an indicator of iron bioavailability following exposure.
Significant elevation of ferritin levels was noted only in
animals exposed to soot plus iron particles (2.6-fold) com-
pared with filtered air controls. The induction of ferritin in
animals exposed to soot plus iron was significantly different
from animals exposed to soot alone or iron alone (Fig. 3).

Oxidative stress

Total antioxidant power measured by FRAP assay and
glutathione redox status were used as indicators of oxidative
stress. Exposure to the combination of soot plus iron parti-
cles demonstrated a significant reduction in FRAP levels in
both BALF (control: 9.09 � 0.12 nmol/ml, soot�iron: 8.64
� 0.11 nmol/ml) and lung tissues (control: 540 � 22
nmol/mg protein, soot�iron: 422 � 32 nmol/mg protein).
In contrast, animals exposed to soot alone or iron alone
showed no differences in FRAP levels compared to their
control animals. When these same values were expressed as
a percentage of control, it was found that the FRAP value
within the lung tissues of animals exposed to soot plus iron
was significantly reduced from the animals exposed to soot
alone or to iron alone (Fig. 4). Glutathione levels, both the
reduced form as well as the oxidized form, were measured
in BALF and lung tissue. No significant changes were noted
in GSH levels following exposure to any combination of
airborne particles. In contrast, the level of GSSG demon-
strated a statistically significant increase for animals ex-
posed to the mixture of soot and iron in BALF (control:
0.029 � 0.005 nmol/ml, soot�iron: 0.086 � 0.016 nmol/
ml). No differences were noted for animals exposed to iron
alone or soot alone. The ratio of GSSG to GSH (glutathione
redox ratio, GRR) also demonstrated a significant increase
only in animals exposed to the combination of soot plus iron
particles both in BALF (control: 0.105 � 0.016, soot�iron:
0.177 � 0.029) and in lung tissues (control: 0.051 � 0.01,
soot�iron: 0.096 � 0.017). When these values were ex-
pressed as a percentage of control within BALF, it was
observed that the level of GSSG in animals exposed to soot
plus iron was significantly elevated from the animals ex-
posed to soot alone or iron alone (Fig. 5A). In addition, the
elevation of GSSG and GRR within lung tissues was also

Fig. 2. Total protein levels and LDH activity in BALF following exposure
to soot alone, iron alone, or soot � iron. The controls are taken as 100%.
Control values for protein (�g/ml) were 101 � 15, 114 � 3, and 78 � 4
corresponding to soot alone, iron alone, or soot � iron. Control values for
LDH (U/L) were 1.24 � 0.17, 1.45 � 0.17, and 2.61 � 0.54 corresponding
to soot alone, iron alone, or soot � iron.

Fig. 3. Western blot of ferritin expression in lung homogenages following
exposure to soot (A), iron (B), or soot � iron (C). Lanes 1–3, control
animals; lanes 4–6, particle-exposed animals, and lane 7, positive control
with purified human liver ferritin. Relative band intensity of ferritin ex-
pression by imaging densitometry (D). The corresponding controls run
simultaneously with each different particle exposure group are taken as
100%. **Significant difference from soot alone (p � 0.01). � Significant
difference from iron alone (p � 0.05).

Fig. 4. Ferric-reducing antioxidant power in BALF and lung tissue follow-
ing exposure of rats to different particle compositions. The controls are
taken as 100%. Control values were 5.0 � 0.4, 4.4 � 0.5, and 9.1 � 0.1
in BALF (nmol/ml) and 578 � 34, 286 � 14, and 540 � 22 in lung tissue
(nmol/mg protein), corresponding to soot alone, iron alone, or soot � iron.
*Significant difference from soot alone (p � 0.05). �Significant difference
from iron alone (p � 0.05).
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observed in animals exposed to soot plus iron particles
compared with iron-only exposure (Fig. 5B).

Proinflammatory cytokines

Proinflammatory cytokines for IL-1� and TNF-� within
lung tissue were measured following particle exposure.
IL-1� was significantly increased following exposure to the
combination of soot plus iron (controls: 34.9 � 0.2 pg/mg
protein, soot�iron: 43.9 � 2.5 pg/mg protein) but was not
changed to a significant degree from control values follow-
ing exposure to soot alone or iron particles alone. The
change of IL-1� in animals exposed to soot plus iron was
significantly increased from that of animals exposed to soot
alone or iron alone (Fig. 6A). No statistically significant
differences were noted in values of TNF-� within any of the
exposure groups (Fig. 6B).

NF�B–DNA binding activity

To examine the effects of particle exposure on NF�B
activation, NF�B–DNA binding activity was measured in
lung tissue nuclear extract. Exposure to soot particles alone
or exposure to iron particles alone did not significantly
change NF�B–DNA binding activity within the lung tissues
of these animals (Fig. 7A and B). In contrast, exposure of
animals to soot plus iron resulted in a significant increase of
NF�B–DNA binding activity (Fig. 7C), and the activation
was significantly increased from the animals exposed to
soot alone or iron alone (Fig. 7D).

Cytochrome P450 monooxygenase isoforms

Microsomal fractions of lung tissues were used to mea-
sure the levels of three major isoforms of cytochrome P450,

Fig. 5. Changes in GSH, GSSG, and GSSG/GSH (GRR) following exposure of rats to different particle compositions in BALF (A) and lung tissue (B). The
controls are taken as 100%. Control values for GSH were 0.429 � 0.076, 0.553 � 0.118, and 0.344 � 0.118 in BALF (nmol/ml) and 93.9 � 5.1, 112.4 �
7.7, and 118.2 � 17.9 in lung tissue (nmol/mg protein), corresponding to soot alone, iron alone, or soot � iron. Control values for GSSG were 0.082 � 0.014,
0.035 � 0.008, and 0.029 � 0.005 in BALF (nmol/ml) and 16.2 � 0.9, 13.7 � 0.6, and 5.7 � 1.4 in lung tissue (nmol/mg protein), corresponding to soot
alone, iron alone, or soot � iron. Control values for GRR were 0.166 � 0.022, 0.071 � 0.018, and 0.105 � 0.016 in BALF and 0.149 � 0.012, 0.112 �
0.008, and 0.051 � 0.010 in lung tissue, corresponding to soot alone, iron alone, or soot � iron. *Significant difference from soot alone (p � 0.01).
�Significant difference from iron alone (p � 0.05).

Fig. 6. Protein levels of IL-1� (A) and TNF-� (B) in lung homogenates of rats following exposure to different particle compositions were measured by
ELISA. The controls are taken as 100%. Control values for IL-1� (pg/mg protein) were 43.3 � 8.5, 30.1 � 2.8, and 34.9 � 0.5, corresponding to soot alone,
iron alone, or soot � iron. Control values for TNF-� (pg/mg protein) were 18.3 � 4.2, 19.3 � 2.3, and 24.0 � 2.9, corresponding to soot alone, iron alone,
or soot � iron. **Significant difference from soot alone (p � 0.01). �Significant difference from iron alone (p � 0.05).
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1A1, 2B1, and 2E1. Exposure to soot particles (Fig. 8A) or
iron particles (Fig. 8B) demonstrated no significant alter-
ations in any of these isoforms following exposure. In con-
trast, exposure to the combination of soot plus iron demon-

strated significant increases in the levels of cytochrome
P450 1A1(3.2-fold), as well as 2E1 (1.5-fold) within lung
microsomes (Fig. 8C). Although the level of the isoform
2B1 was also elevated, it failed to attain a level of statistical

Fig. 7. Electrophoretic mobility shift assay to show effects of exposure to soot (A), iron (B), or soot and iron (C) on NF�B-DNA binding activity. Lanes 1–3,
control animals; lanes 4–6, exposure animals; lane 7, competition assay. Relative band intensity of NF-�B–DNA binding activity by imaging densitometry
(D). The corresponding controls from each individual particle exposure are taken as 100 %. *Significant difference from soot alone (p � 0.01). �Significant
difference from iron alone (p � 0.05).

Fig. 8. Effects of exposure to soot alone (A), iron alone (B), or soot and iron (C) on pulmonary cytochrome CYP450 1A1, 2B1, and 2E1 were detected by
Western blot analysis. Lanes 1–3, control animals; lanes 4–6, exposure animals; lane 7, positive controls of 1A1, 2B1, and 2E1. Relative band intensity of
CYP 450s by imaging densitometry (D). The corresponding controls from each individual particle exposure are taken as 100%. *Significant difference from
soot alone (p � 0.05). **Significant difference from soot alone (p � 0.01). � Significant difference from iron alone (p � 0.05). ��Significant difference from
iron alone (p � 0.01).
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significance. When these alterations were compared among
different particle exposures, as the values expressed as a
percentage of control, it was found that the induction of 1A1
and 2E1 in animals exposed to the soot plus iron was
significantly different from the animals exposed to soot
alone or iron alone (Fig. 8D). The level of 2B1 in the soot
plus iron group was also significantly different from soot
alone (Fig. 8D).

Lung histopathology and BrdU immunolabeling

Extensive analyses of specific anatomical sites within the
respiratory tract of animals were examined for the pulmo-
nary bronchial tree and parenchyma. The anatomical ap-
pearance of terminal bronchioles as well as the lung paren-
chyma immediately beyond these terminal bronchioles in
the lungs of animals exposed to filtered air, soot, or soot
plus iron is illustrated in Fig. 9. We were unable to observe
any significant changes within the anatomical structure of
the terminal bronchioles within any of these animals (Fig.
9A, C, and E). Within the parenchyma we also failed to
detect obvious differences in septal wall structure (Fig. 9B
and D); however, it was noted that there was a subtle
increase in septal wall thickness within patchy areas of
those animals exposed to iron plus soot particles (Fig. 9F).

Immunohistochemical staining to examine the uptake of
BrdU within specific anatomical sites was done for two
groups of animals, those exposed to filtered air (control) and
those exposed to the combined soot and iron particles.
Anatomical analysis included examination of epithelium of
the conducting airways as well as the epithelial lining over
airway bifurcations and underlying interstitial cells, termi-
nal bronchioles, and proximal alveolar regions. These stud-
ies failed to demonstrate significant differences in the in-
corporation of BrdU into epithelial and/or interstitial cells of
the conducting airways or the cells of the proximal alveolar
region following particle exposure compared with control
animals (data not shown).

Discussion

Transition metal-mediated generation of ROS and oxi-
dative stress have been proposed as one of the main mech-
anisms for PM toxicity (Dye et al., 1997, 1999; Jimenez et
al., 2000; Kennedy et al., 1998; Kodavanti et al., 1998; Li et
al., 1996). Due to the complexity of PM, it is critical to
characterize and to identify the biological activities of in-
dividual components of PM to elucidate PM-associated ef-
fects. Biological responses to inhaled PM not only depend
upon individual constituents, but also upon the interplay
between individual components. Following 3 days exposure
to soot particles alone at a concentration of 250 �g/m3 or to
iron particles alone at 57 �g/m3, our studies have shown
that there were no significant changes in lung injury, ferritin
induction, oxidative stress, NF�B activation, proinflamma-

tory cytokines, or cytochrome P450s in the lungs of these
exposed healthy adult rats. However, when animals were
exposed to combined soot and iron particles at an identical
total mass concentration of 250 �g/m3 with a slightly lower
concentration of iron (45 �g/m3), significant alterations
were observed in these animals. These results demonstrated
that a synergistic interaction exists between soot and iron
particles, i.e., none of the individual constituents have an
effect when given alone but, when combined, produce a
significant response (Schlesinger, 1995).

We postulate that the mechanisms underlying the syner-
gistic interaction between these two components are both
chemical and physical. The iron generated under our exper-
imental conditions was iron oxide (Fe2O3). Iron oxide is
considered to be nontoxic and of low bioavailability
(Stokinger, 1984). In a study with hamsters, intratracheal
instillation of 50 mg Fe2O3 failed to produce any long-term
adverse health effects (Saffiotti et al., 1972). A recent study
reported that Fe2O3 particles purchased commercially were
not capable of oxidant generation and did not induce an
inflammatory response (Lay et al., 1999). Our study showed
exposure to iron particles alone (57 �g/m3) did not induce
increased expression of intracellular ferritin, an indicator of
bioavailable iron following exposure (Fang and Aust, 1997;
Smith and Aust, 1997). Hence, no catalytic active iron was
available for electron transfer and therefore capable of par-
ticipation in the Fenton reaction leading to the production of
ROS (Imlay et al., 1998; Lucesoli et al., 1999; Halliwell,
1991). This was confirmed by the absence of oxidative
stress, lung injury, proinflammatory cytokine elevation, or
NF�B activation.

Exposure to soot alone at a concentration of 250 �g/m3

also failed to demonstrate any adverse respiratory effects.
Soot is considered to be an inert particle that has little effect
when inhaled alone (Schlesinger, 1995). In a number of
animal inhalation studies, no changes were noted in the
respiratory system of animals when exposed to carbon black
at 10 mg/m3 (Jakab, 1992, 1993; Jakab and Hemenway,
1994). However, in the present study, exposure to a mixture
of soot and iron particles resulted in significant responses
that were not found with exposure to iron alone or soot
alone. This synergism could be due to the fact that soot may
serve as a reductant and could lead to the reduction of iron
oxide (Boncyzk, 1991; Ritrievi et al., 1987; Zhang and
Megaridis, 1996). Alternatively, soot could act as a carrier
for iron particles. Fig. 1 illustrates that aggregates were
formed in the mixture of soot and iron particles. Studies
with aggregated ultrafine particles have shown significantly
greater biological potency (Lee et al., 1985; Heinrich et al.,
1995). In our study, these soot/iron aggregates may influ-
ence both soot and iron particles to deposit at similar sites in
the lungs, where the chemical interaction between both
particles could persist. It is also possible that soot particles
could impede clearance of iron particles from the lungs, thus
allowing for particle solubilization and/or conversion of the
iron to a more biologically active form.
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The interaction between soot and iron particles allows
iron to become bioavailable, as indicated by the induction of
intracellular ferritin. Catalytic iron is capable of redox cy-
cling, resulting in the generation of ROS and oxidative
stress in the lungs of rats, demonstrated by a significant
decrease in total antioxidant power (FRAP) and changes in
glutathione redox status following exposure to soot plus

iron particles. Glutathione is a critical antioxidant in the
lungs that accounts for 90% of intracellular nonprotein
thiols and protects cells from oxidative damage (Kelly,
1999; Rahman and MacNee, 1999). Changes in glutathione
redox status, include reduced GSH, oxidized GSH (GSSG),
and the ratio of GSSG/GSH, can be used as markers of
oxidative stress. Nuclear factor �B, a pivotal transcription

Fig. 9. Light micrographs of terminal bronchioles (A, C, and E) and alveolar parenchyma (B, D, and F) from rat lungs following exposure to filtered air (A
and B), soot (C and D), or iron and soot (E and F). Bar represents 20 �m.
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factor involved in the regulation of oxidative stress, inflam-
matory, and immune responses, is a sensor when oxidative
stress occurs. Excessive release of ROS and alteration of
glutathione redox status could trigger the signal transduc-
tion pathway leading to activation of NF�B (Li and Karin,
1999; Rahman, 2000; Rahman and MacNee, 2000).

Expression of many proinflammatory mediators such as
cytokines (IL-1�, TNF-�, and IL-6), chemokines (IL-8 and
MIP-2), adhesion molecules (VCAM-1, ICAM-1, and E-
selectin), and enzymes (iNOS) are regulated by NF�B
(Barnes and Karin, 1997; Christman et al., 1998). Our data
show NF�B–DNA binding activity is significantly in-
creased, accompanied by an elevation of IL-1�, indicating
the activation of NF�B signaling in the lungs of rats fol-
lowing exposure to combined soot and iron particles. Stud-
ies have demonstrated that in vitro and in vivo PM expo-
sure, including residual oil fly ash (ROFA) and PM10,
resulted in activation of NF�B (Jimenez et al., 2000; Kang
et al., 2000; Kennedy et al., 1998; Quay et al., 1998; Samet
et al., 2002). Carter et al. (1997) and Quay et al. (1998)
observed gene expression of NF�B-dependent proinflam-
matory cytokines was induced following ROFA exposure.
Kodavanti and colleagues (1997) found the mRNA levels of
IL-1, IL-6, and MIP-2, but not TNF-�, were induced by
ROFA. In the present study we also found the significant
induction of IL-1�, but not TNF-�. Differential expression
and synthesis of proinflammatroy cytokines could imply a
multi-factorial regulation of gene expression. Aside from
NF�B, other transcription factors such as activator protein
-1, interferon regulatory factors, and signal transducers and
activators of transcription are also involved in the induction
of proinflammatory cytokines (Julkunen et al., 2001). The
concentration of PM exposure may also affect the expres-
sion of proinflammatory mediators. Dye et al. (1999) found
that rat tracheal epithelial (RTE) cells exposed to ROFA at
5 or 10 �g/cm2 were associated with an increase in mRNA
levels for limited number of mediators; however, when RTE
cells were exposed to ROFA at 20 �g/cm2, a significant
increase in mRNA levels for all mediators (IL-6, MIP-2,
and iNOS) was observed. In our study, we measured protein
levels of IL-1� and TNF-� following particle exposure, but
only IL-1� was found to be significantly increased. Al-
though we would have expected a similar increase in
TNF-�, it is likely that the complexity of cytokine gene
expression or different levels of activation by NF�B for
different cytokines may account for this disparity in cyto-
kine induction observed following exposure to the combi-
nation of soot and iron particles.

It has been found that PM exposure is not only associated
with pulmonary effects, but also cardiovascular events such
as increased fibrinogen levels, increased plasma viscosity,
systemic oxidative stress, and decreased heart-rate variabil-
ity in healthy and cardiovascular compromised humans and
rats (Kodavanti et al., 2000, 2002; Peters et al., 1997; Pope
et al., 1999; Ulrich et al., 2002). The release of NF�B-
dependent proinflammatory cytokines from the pulmonary

system into the circulation is thought to play an important
role in the progression of cardiovascular diseases. These
cytokines stimulate the synthesis of fibrinogen, tissue factor,
regulate the expression of thrombomodulin, and stimulate
the bone marrow response, which in turn causes cardiac
effects (van Eden and Hogg, 2002; Sharma et al., 2000;
Cicala and Cirino, 1998). NF�B-dependent adhesion mole-
cules may also concomitantly alter fibrin degradation and/or
stimulate synthesis of fibrinogen. Further, the induction of
NF�B-regulated iNOS could increase the synthesis of NO,
a potent vasodilating compound, and impair the normal
function of the blood pressure regulating system. Therefore,
it is possible, through the activation of NF�B in the lungs of
rats exposed to iron and soot particles, gene expression
could be altered, which may affect the cardiopulmonary
systems. Using a rat cardiopulmonary cDNA array, Nada-
dur and Kodavanti (2002) examined gene expression pro-
files in rat lungs exposed to ROFA and demonstrated
ROFA- and metal-specific increased expression of lung
injury/inflammation, stress response, and repair-related
genes. They also found genes involved in vascular contrac-
tility, thromogenic activity, cytokines, and adhesion mole-
cules were also induced following exposure.

Significant increases in the levels of two major isoforms
of the cytochrome P450 (1A1 and 2E1) within the lungs
were also found following exposure to combined soot and
iron particles. Exposure to soot at an identical mass con-
centration (250 �g/m3) in the absence of iron failed to elicit
changes in CYP 450 1A1, 2E1, or 2B1. Exposure to iron
alone also failed to induce changes in these cytochrome
P450 isoforms. Tests were done to determine whether the
soot fraction generated under our combustion conditions
produced polyaromatic hydrocarbons (PAHs). Such com-
pounds possess the ability to induce cytochrome P450,
especially the isoform of 1A1. Analysis of soot extracts for
16 polyaromatic hydrocarbons arising from a hydrocarbon
combustion process (benzo[a]pyrene, benzo[a]anthracene,
benzo[b]fluoranthene, benzo[g,h,l]perylene, benzo[k]flu-
oranthene, acenaphthene, anthracene, acenaphthylene,
naphthalene, chrysene, dibenz[a,h]anthracene, fluoranthene,
fluorene, indeno[1,2,3-cd]pyrene, phenanthrene, and
pyrene) failed to detect any levels of these PAHs. In light of
the catalytic oxidation expected with iron present in the fuel,
it is not surprising that PAHs were not detectable. It is
therefore unlikely that PAHs or soot are the cause of the
P450 response. Induction of CYP 1A1 and 2E1 by com-
bined soot and iron exposure, but not by soot alone or iron
alone, suggests that bioavailable iron is responsible for this
heme-thiolate protein response. A study done by Shaw and
colleagues (1997) also found that iron induced expression of
cytochrome P450s in a dose-dependent manner.

In conclusion, to the best of our knowledge, this is the
first report using laboratory-generated particles to investi-
gate iron particles and their interaction with soot in the
respiratory system of rats. We have demonstrated that,
through synergistic interaction with soot, bioavailable iron
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is responsible for induction of ferritin, oxidative stress,
elevation of IL-1�, and NF�B activation in the lungs of
healthy adult rats. These findings provide further evidence
to support the hypothesis that transition metals interacting
with other components may underlie PM-associated respi-
ratory effects.
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